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Abstract. Characterizing the spatial distribution of hedgerows over landscapes is important
for understanding the effects of this distribution on the dynamics of plant and animal
populations. Because hedgerows are planted or managed, we hypothesized that their
distribution depends on the presence of other linear landscape elements, namely, roads and
channels. Using proximity analyses, we thus assessed how the spatial distribution of
hedgerows was impacted by the position of these linear landscape elements and the spatial
extent of this impact for two contrasting agricultural landscapes. The results indicate that
hedgerows were generally associated at short distances with other elements (100-150  m).
Hedgerows had different association patterns depending on their orientation in one of the two
landscapes. In that same landscape, within-landscape heterogeneity was related to different
association patterns. These results indicate that models of the spatial distribution of
hedgerows would gain from being based on the location of roads and channels in the studied
landscape.  
Keywords: Agricultural landscapes, Brittany, Hedgerows, Provence, Proximity analysis,
Segments, Spatial structure.
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1. Introduction
The structure of landscapes impacts the dynamics of plant and animal populations that live on
these landscapes. This structure can be characterized by the landscape composition, i.e., the
relative areas or numbers of elements that compose these landscapes, and the landscape
configuration, i.e., the spatial distribution of these elements. Understanding how landscape
structure impacts population dynamics is a key question for species conservation issues (e.g.,
Bennett et al., 2006) but is also important in agro-ecological studies (e.g., Geiger et al., 2009).
In empirical studies, much attention has been devoted to understand how the spatial
distribution of patchy habitats may affect the abundance and dispersal of particular species
(e.g., Chaplin-Kremer et al., 2011; Mazzi & Dorn, 2012 for agricultural pests and pest
enemies). Accordingly, numerous indices have been developed to characterize these elements
and their spatial distribution. These indices may relate to the elements themselves (area,
shape), to the connectivity among elements of a single type or to landscape heterogeneity at
different scales (Riitters et al., 1995). These indices have also been used in modeling
approaches that aimed to unravel how the interactions between landscape structure and
population dynamics affect the observed patterns of species abundances and genetic structures
(Wiegand et al., 1999). 
The characterization of the spatial distribution of linear elements (i.e., elements that can be
represented with lines, e.g., irrigation channels and hedgerows) over landscapes has received
relatively little attention. However, hedgerows are a prominent linear landscape feature and
play multiple roles for species inhabiting the landscape. They may furnish habitat for
undercover or tree species, corridors facilitating movement of individuals between forest
patches or, in contrast, an obstacle to dispersal for species specializing in open areas (Burel,
1996; Davies & Pullin, 2007). Furthermore, their windbreak and shade effects may produce
local modifications of the microclimate and wind turbulence, and these effects may impact
species survival or reproduction (e.g., Tyson et al., 2007). 
The present study is methodological and does not consider ecological processes that are
affected by hedgerows. Moreover, we focus on the characterization of the spatial distribution
of hedgerows, in contrast to previous research that designed methods to characterize the type
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and composition of hedgerows (Paletto and Chincarini, 2012; Larcher and Baudry, 2013).
Several landscape-level indices have already been proposed by Groot et al. (2010) and applied
to hedgerows in an agro-ecological zone in the Netherlands. A recent study further
characterized the density of green lines (hedgerows and grassy strips) over European
landscapes (van der Zanden et al., 2013). However, local spatial interactions between
landscape elements were not considered in these studies. 
The locations of hedgerows over the landscapes are not random. At the European scale, van
der Zanden et al. (2013) showed that spatial autocorrelation-based methods performed poorly
because the locations of “green lines” depended on the occurrence of other land uses such as
cash crops or the stocking densities of herbivores as well as on wind speed. In our study
regions, hedgerows have been historically used as fences between neighboring fields and have
been planted along roads, tracks and water courses for wood production for households
(Meynier, 1958; Liagre, 2006). In windy regions, hedgerows are further grown for their wind-
protecting effects (Guyot, 1997). In certain instances, hedgerows are also planted along field
edges to promote pest enemies (Ouin et al., 2008). As a consequence, it can be expected that
the spatial distribution of hedgerows over landscapes presents specific characteristics based
on (i) the function of these hedgerows (e.g., fences or windbreaks) and (ii) the spatial
distribution of other more perennial elements such as roads and water channels (or ditches).
We address these two expectations in the present study, and we further characterize the spatial
extent over which expectation (ii) is realized. 
In addition to the need to consider other landscape elements, the methodology that we
designed was guided by our intention to build neutral models (Turner, 1991) of hedgerow
landscapes. Neutral landscape models can indeed be used to study the effect of variation in
landscape patterns on ecological processes (Meyer et al., 2012). We planned to rely on recent
geometrical approaches such as those proposed by Gaucherel et al. (2006) and Le Ber et al.
(2009) to simulate patchy (agricultural) landscapes. In these approaches, real landscapes are
characterized by a distribution of plot centroids that is used as a basis for building polygonal
tessellations. Previously, linear elements have not been considered in those approaches. Given
this aim, from a methodological perspective, we chose an approach that relates to proximity
analyses that are frequently used in spatial statistics for landscape ecology to analyze
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relationships between species abundances and nearby landscape features (e.g., Ricci et al.,
2009; Martin & Fahrig, 2012). This approach allows an assessment of the ways in which the
characteristics of local hedgerows (length and orientation) affect their association with their
short- to medium-distance neighbors. An assessment of this type would not be possible with
spatial network analyses, which are generally used to study the spatial distributions of
hedgerows (De Smith et al., 2007). 
The results are presented for two contrasting French agricultural landscapes. The first
landscape is in southeastern France. It is primarily an area of pome fruit orchards, and it has a
dense cover of windbreaks and irrigation channels. The second landscape is in Brittany, in
western France. It is characterized by a “bocage”-type hedgerow pattern, and the water
network consists primarily of ditches.
2. Theoretical background
Overall, our approach is related to the large family of proximity analyses. It is based on two
methods. First, it relates to marked point processes, and in particular Ripley’s K function
approach, in that it compares observed to expected numbers of neighbors within a set of
increasing distances (Ripley, 1981). Second, it relates to regression analyses that explain the
presence/ abundance of an element (e.g., a species) as a function of its surrounding
environment and compares the influence of different environmental variables (e.g., Ricci et
al., 2009). However, our proposed approach differs because (i) we considered elements that
are segments rather than points, a choice that has consequences in terms of distances between
elements and thus of the definition of neighborhoods; (ii) we aimed to compare the
environment of different types of hedgerows, not specifically factors that explained their
presence. 
All linear landscape elements were split into straight segments that were characterized by
their length and orientation. The proximity analysis that we propose is based on the analysis
of the number of elements (that are also segments) in the neighborhood of a given segment.
This number is compared with an average number computed on a very large neighborhood.
The ratio of the observed to the average number of elements in the neighborhood of a given
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segment S (termed “relative number of elements”) indicates whether these elements are over-
or underrepresented in the neighborhood of S. Comparisons between these “relative numbers
of elements” can also be performed for different element types and orientations.
Characterizing the neighborhood of one segment
Distance between segments. There are several methods to compute the distance between two
spatial objects. Usually, the objects are assimilated to their centroids and a point distance is
calculated, but this distance gives a poor notion of neighborhood, e.g., two segments can be
connected, whereas their centroids are far from each other. To represent neighborhood, we
thus used a pseudo-distance defined as follows. The distance between two segments is
computed as the smallest distance between all points of the two segments, i.e., for two
segments S and S',
Dist(S,S') = minx in S, x' in S' d(x,x’), where d is the Euclidean distance. 
Number of neighbors of a segment. The number of elements that are neighbors of the S
segment and closer than a distance b from that segment is 
No(S,b) = |{S' | Dist (S,S') < b}|. 
Neighborhood of a segment. The neighboring area of a segment of length L at distance b is
calculated as
B(L,b) = Π*b²+2*L*b.
Expected number of elements in the neighborhood of a segment. Let A be the surface area of a
large area and NA the number of elements in this area. NA/A is the average density of elements
in this area. For a segment of A whose length is L, the local expected number of neighboring
elements closer than distance b is 
Ne(L,b) = B(L,b)*NA/A.
Relative number of elements in the neighborhood of a segment. The relative number of
neighboring elements for a S segment and a buffer of width b is, thus, calculated as the ratio 
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Nr(S,b) = No(S,b)/ Ne(L,b),
where L is the length of segment S and No(S,b) is the observed number of elements in the
neighborhood as defined above.
Neighboring elements oriented in a certain direction Θ = [θ1; θ2] relative to the S segment 
can be considered separately. In this case,
 NoΘ(S,b) = |{S' | Dist (S,S') < b and angle (S,S') є Θ}|. 
 NrΘ(S,b) = NoΘ(S,b)/ Ne(L,b), 
where Θ = [0; 2Π], NrΘ(S,b) = Nr(S,b). 
The means and standard errors of NrΘ(S,b) can be calculated over a set of segments.
Testing over- or underrepresentation of elements in neighborhoods
The Nr(S,b) value tends toward 1 when B(L,b) tends toward A, whereas NrΘ(S,b) tends toward
pΘ, the proportion of elements of a given type that are oriented in the Θ direction relative to
segment S in area A.
Values of Nr(S,b) > 1 (respectively, NrΘ(S,b) > pΘ) indicate that elements are overrepresented
in the b-wide neighborhoods of segments. If b is a small distance, this overrepresentation can
be interpreted as an attraction between the S segments and sampled elements. In contrast,
values of Nr(S,b) < 1 (respectively, NrΘ(S,b) < pΘ) indicate that elements are underrepresented
in these neighborhoods. A statistical test of over- or underrepresentation can be performed by
deriving the distributions of Nr(S,b) (respectively, NrΘ(S,b)) under the hypothesis of random
distribution of segments over the study area and comparing the observed values to the
simulated quantiles. Such a distribution can be obtained by randomly locating the segments
(keeping their length and orientation) over the study area and calculating the corresponding
Nr(S,b) values a large number of times. 
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Comparing the relative numbers of different elements in neighborhoods of
a given size
The general approach described above can be applied to various types of elements (e.g.,
hedgerows, channels, road segments) and on different scales. Accordingly, one may wish to
compare relative numbers of different element types. Variations in relative numbers of
elements in neighborhoods can be analyzed with linear models that include the element types
as explanatory variables. Because segments may be statistically dependent due to shared
neighborhoods, the significance of explanatory variables cannot be assessed using classical
Fisher distributions for the F statistics. An empirical null distribution for the F statistic can be
derived using permutation tests. Such a null distribution corresponds to the hypothesis that,
given the observed locations of elements, elements of the different types occur in similar
relative numbers for a given neighborhood size. Simulated data sets under the null hypothesis
are thus obtained by permutation of the labels of the element types. 
The complete structures of the statistical model and of the permutation scheme depend on that
of the data set, in particular, if different geographical areas or segment types are analyzed si-
multaneously (see below).
3. Materials and methods
Data sets
The analysis was based on two French datasets. The first set (“the low Durance valley”)
described an approximately 70 km² agricultural landscape in southeastern France (coordinates
in WGS84 system from 43°46’27”N to 43°51’23”N and from 4°51’12”E to 4°57’34”E). The
principal agricultural production consists of orchards, primarily pome fruit (apples and pears),
and some vegetables. The region is characterized by a high density of windbreak hedgerows.
Data on the road and hydrological networks were provided by the French National Institute
for Geography (BD TOPO®, IGN). All 11,501 hedgerows were manually digitized with
ArcView (Version 9.1, ESRI) from an aerial photograph (BD ORTHO®, IGN, 2004 – pixel
size: 0.5 m) in the form of polylines.
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The second set describes an approximately 120 km2 agricultural landscape of Brittany
(coordinates in WGS84 system from 48°25'32''N to 48°34'06''N and from 1°31'39''W to
1°39'07''W). The northern part of the area consists of large fields, whereas the southern part is
a typical bocage landscape of Brittany with a high density of hedgerows (Lotfi et al., 2010).
The 7561 hedgerows were mapped by exhaustive field monitoring of a digitized map of
administrative parcel limits (Courtesy, Costel Rennes, France). Data on the road and
hydrological networks were provided by the French National Institute for Geography (BD
TOPO®, IGN).
Data manipulation
To make the data comparable in the two data sets, all hedgerows, roads and channels were
individualized by splitting polylines into unidirectional segments. For example, two
contiguous but perpendicular hedgerows were considered as two different segments.
Accordingly, we based our study on three segment types that refer to the type of element
(road, hedgerow or channel) from which they were built. Because the digitization of
hedgerows had been performed differently in the two landscapes, this procedure had a large
impact on the number of hedgerow segments in the Brittany but not in the Durance landscape.
The 11,501, 183 and 796 polylines for hedgerows, channels and roads, respectively, in the
Durance landscape were transformed into 11,556, 2014 and 3737 segments, respectively. In
the Brittany landscape, the corresponding 7561, 328 and 2516 polylines were transformed
into 14,819, 9152 and 43,416 segments, respectively. Each segment was then characterized by
its length and orientation.
Selecting windows with various segment densities
To characterize the heterogeneity of the two studied landscapes in terms of linear elements,
we split landscapes into windows of increasing size (from 200 m x 200 m to 1300 m x
1300 m). We then plotted the distribution of the number of hedgerow, road and channel
segments per window as a function of window size. From this distribution, we chose a
window size (1100 m x 1100 m) having a sufficient mean and variance of the number of
segments (not shown).
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Windows that were located on the edge of the landscape and windows with a non-complete
neighbor were removed from further analyses to avoid edge effects, which are important in
spatial analyses. The low Durance valley landscape was, thus, split into 64 windows and the
Brittany landscape into 35 windows. Furthermore, each window was associated with a target
area consisting of this window and its eight neighboring windows, within which segment
neighbors will be considered. One typical window for each landscape is presented in Figure 1.
Figure 1: Two typical windows and their target areas in low Durance valley (left) and Brittany (right).
Central squares represent the 1100 m x 1100 m windows. Green color: hedgerows, blue: channels,
black: roads. 
We then grouped windows into classes to later examine the impact of window characteristics
on the characteristics of hedgerow neighborhoods. For this purpose, each window was
characterized by four variables of interest: its number of hedgerow and road segments and the
number of hedgerow and road segments of its target area. Classification of windows
according to these characteristics was performed using a hierarchical clustering approach
(function hclust in package Stats from R Commander V1.8-1). This classification resulted in
five window classes in the low Durance valley landscape and six in Brittany (see results).
We chose 29 windows in the Durance landscape and 17 windows in the Brittany landscape,
corresponding to approximately one-half of the windows in each of these classes. This choice
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was guided by the aim of avoiding neighboring windows (i.e., one edge in common) for
further analyses.
Analysis of hedgerow distributions with respect to perennial elements in
chosen windows
To assess the possible influence of perennial linear landscape elements on hedgerows, we
assessed, in each focus window and for each hedgerow segment:
1. Whether its closest neighbor was a hedgerow, a road or a channel segment.
2. Whether its parallel or perpendicular closest neighbor was a hedgerow, a road or a
channel segment.
3. The relative number of hedgerow, road or channel segments in areas surrounding each
hedgerow segment. These areas were of increasing size, determined by a maximal distance to
each hedgerow segment. We considered either all neighbors or only those parallel or
perpendicular to the target hedgerow segment. 
4. The same procedure was followed as in (3) except that we separately considered the east-
west oriented hedgerows and those that were perpendicular to them.
5. To compare the relative numbers of neighbors NrΘ(S,b) between element types and relative
orientations at the landscape scale or between classes, they were all standardized. The
standardized values were computed by dividing NrΘ(S,b) by the mean of NoΘ(S,b) for
b = 500 m over all S hedgerow segments in the focus window.
Number and relative number of elements in a segment neighborhood. Given a segment S and
a distance b, the numbers of neighboring hedgerows (Ho(S,b)), roads (Ro(S,b)) or channels
(Co(S,b)) were computed as defined in section 2. Target areas were used as a reference for
computing the relative numbers of hedgerow (Hr(S,b)), road (Rr(S,b)) and channel (Cr(S,b))
segments. These ratios were computed and averaged over all segments of each selected
window for b in {20, 40, … 180, 200, 300, 400, 500}.
Relative orientation of a segment and its neighbors. Furthermore, for a given segment,
neighbors were classified according to their angle with the segment direction: neighbors
parallel to this segment were those forming an angle in the interval [–Π/9; +Π/9] with the
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segment direction, and neighbors perpendicular to this segment were those forming an angle
in the interval [7Π/18; 11Π/18] with it. In this case, the average relative number of segments
of hedgerows (HrΘ(S,b)), roads (RrΘ(S,b)) or channels (CrΘ(S,b)) in a buffer of width b
converges to the proportion of segments of that specific element type that are parallel
(respectively, perpendicular) to hedgerow segments in the considered window when b
increases.
Classification of hedgerows following their orientation . Lastly, based on the distribution of
hedgerow segment orientations, hedgerows were separated into two types according to their
orientation in the low Durance valley: HNS hedgerows had an angle of [–Π/9; +Π/9], and
HWE (windbreak) hedgerows had an angle of [Π/3; 5Π/9] with respect to the North-South
line. In Brittany, the angles with respect to the North-South line were [–Π/9; +Π/9] for HNS
and [4Π/9; 2Π/3] for HWE hedgerows.
Tests of under- or overrepresentation in neighborhoods. Tests of the under- or
overrepresentation of hedgerow, road and channel segments in the neighborhoods of
hedgerow segments were performed by deriving the distributions of Hr(S,b), Rr(S,b) and
Cr(S,b) for 100 random distributions of hedgerows within the target areas. The hedgerows
were redistributed within their window of origin.
Statistical analysis of the impact of hedgerow type and neighbor type and
orientation on the relative number of neighbors.
Variations in the relative numbers of neighboring elements at each distance were analyzed
separately for each landscape using mixed linear models. The explanatory variables were win -
dow class (qualitative, either five or six levels), hedgerow type (qualitative, three levels),
neighbor type (qualitative, three levels), neighbor relative orientation (two levels) and all two-
way interactions. The empirical null distribution for the F statistic was obtained by running
the same mixed models on 1000 permuted data sets. Permutations of the relative numbers of
neighbors were performed between segment types within windows to reflect the structure of
the data set.
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4. Results
We first present a global description of the linear elements in the two study landscapes and
show the diversity of situations within and between landscapes. We then illustrate the global
structure of hedgerows and their relationship to roads and channels using the two windows
presented on Figure 1. We lastly present the overall results.
Chosen windows and diversity within and among landscapes
The classification procedure defined five classes in the low Durance valley and six in
Brittany. These classes comprised different average numbers of hedgerow segments (from 58
to 165 per window in the Durance landscape and from 167 to 406 per window in the Brittany
landscape) and of road segments (from 8 to 57 per window in the Durance landscape and
from 417 to 601 per window in the Brittany landscape) but differed little in terms of numbers
of channel segments per window. The ratio of HWE to HNS hedgerow segments varied from
1.6 to 5 per window in the Durance valley and was more stable, varying from 0.9 to 1.3, in the
Brittany landscape (Table 1).
Table 1: Numbers of segments (mean±sd) of each type (hedgerows, roads and channels) in windows
and target areas and of HNS and HWE hedgerow segments in windows for the different window
classes in the two studied landscapes (low Durance valley and Brittany).
 Hedgerows Roads Channels
All HNS HWE All All
Window Area Window Window Window Area Window
Durance
Class
1 165±33 1191±71 25±17 84±20 42±18 330±57 21±15
2 237±79 1528±115 66±36 106±16 57±20 405±36 24±6
3 58±29 543±88 10±8 29±19 8±7 108±35 24±10
4 95±26 808±56 18±7 55±22 22±12 172±50 12±8
5 142±32 988±44 18±14 93±28 31±14 257±64 17±11
Brittany
Class
1 406±64 2495±151 130±55 121±33 601±54 4116±98 109±51
2 309±50 2285±146 90±30 86±10 469±138 3517±178 87±65
3 177±30 1516±129 46±27 60±16 444±43 3666±90 92±61
4 167±37 1287±113 47±14 46±17 555±151 3951±119 38±53
5 174±67 1233±76 57±24 62±24 417±45 3225±41 77±107
6 241±79 1669±132 91±39 82±37 427±73 3359±97 106±66
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Classes were generally located in different areas of the landscape. In the low Durance valley,
windows of classes 1 and 2 were located primarily in the north and northeast of the area, with
large numbers of hedgerow and road segments. In contrast, the southwestern part of the area
was primarily composed of windows of classes 3 and 4, with smaller numbers of hedgerow
and road segments. A line consisting of intermediate windows of class 3 extended between
these two areas. In Brittany, windows of classes 1 and 2, with the largest average numbers of
hedgerow segments, were located in the southwestern portion of the area. In contrast,
windows of class 4, with the lowest average number of hedgerows, were in the northeast.
Intermediate classes 3, 5 and 6 were located primarily in the center of the area. 
Closest neighbors
The closest neighbors of hedgerows were primarily hedgerows in the two landscapes
representing, on average, (mean and sd over classes) 69±14% and 72±7% of the neighbors of
HNS and HWE hedgerow segments, respectively, in the low Durance valley and 71±13% and
67±12% of the neighbors of HNS and HWE hedgerow segments, respectively, in Brittany,
whereas channels were the least frequent neighbors. Roads were globally more frequent
neighbors in Brittany than in the low Durance valley. This finding is consistent with the higher
proportion of roads relative to hedgerows in Brittany. Furthermore, roads in Brittany were
more frequently the closest neighbor when they were perpendicular to hedgerow segments
than when they were parallel to them. The pattern was less clear in the Durance valley
(Figure 3).
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Figure 2: Location of window classes in each landscape (left) and number of windows per class in the
sample used for proximity analyses and over the landscape (right). Windows of the sample are marked
with ‘o’. Top: Durance valley, bottom: Brittany.
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Figure 3: Proportion of each type of closest neighbor for each class of window. The results are
presented for each landscape (left: low Durance valley, right: Brittany), for each type of hedgerow
(1): HWE hedgerows, 2) HNS hedgerows) and for the parallel and perpendicular relative orientations.
The neighbor types are roads (black), hedgerows (white) or channels (grey).
15
Da Silva, Le Ber, Lavigne      Structure analysis of hedgerows
Relative numbers of hedgerow, road and channel segments in
neighborhoods of hedgerow segments 
Neighbor distributions on two typical windows
Based on the consideration of all hedgerow segments together in the two typical windows
presented in Figure 1, the relative numbers Hr(S,b), Rr(S,b), Cr(S,b) of each type of segment
(hedgerows, roads and channels) decreased in the first 150 m toward the threshold
corresponding to the proportion of segments of that type that were either parallel or
perpendicular to hedgerows. Most segment types were thus overrepresented at short distances
from hedgerows, indicating a short-distance association with them (and below 50 m for
perpendicular hedgerows). The only exception concerned the relative number of hedgerows
parallel to hedgerows in D5_6. This number was almost constant, with a peak located at
approximately 100 m (P>0.05 below 150m except around 100m), consistent with the
apparently regular distribution of hedgerows in Figure 1. The overrepresentation at short
distances primarily concerned  hedgerows in window B9_2, showing a strong association
between hedgerows and primarily concerned roads and channels in window D5_6 (P<0.05 for
all distances below 150 m for roads and channels). The threshold values at long distances
differed in window D5_6 between the parallel and the perpendicular directions, with
hedgerows the most frequent elements in the parallel direction and the least frequent in the
perpendicular direction of hedgerow segments. Such a pattern was not observed in B9_2.
The separate consideration of HWE and HNS hedgerow segments highlighted differences
between these segment types, primarily in window D5_6. In window D5_6, both types of
hedgerows were located next to roads, but HWE hedgerow segments were primarily
perpendicular to these roads (P<0.05 for distances below 150m for the perpendicular but not
the parallel orientation), whereas HNS hedgerow segments were parallel (P<0.05 for
distances below 150m for the parallel orientation). Furthermore, HNS hedgerows were
preferentially located next to perpendicular hedgerows (P<0.05 for distances below 100m),
whereas HWE hedgerow segments were not. Differences between HNS and HWE hedgerows
were less apparent in B9_2. A particularity of B9_2 was that channels had a North-South
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orientation and were thus underrepresented as parallel neighbors of HWE hedgerows as well
as perpendicular neighbors of HNS hedgerows.
Table 2: Permutation test of the effect of window class (Class), hedgerow segment type (H.Type),
Neighbor type (N.Type), their relative orientations (R.Orient) and all two-way interactions on the




20 40 60 80 100 120 140 160 180 200
Durance  Df
Class 4 ns ns ns ns ns ns ns ns ns ns
H.Type 2 ** ** ** ** ** * * ns ns ns
N.Type 2 ** ** ** ** ** ** ** ** ** **
R.Orient. 2 ** ** ** ** ** ** ** ** ** **
Class*N.Type 8 * ns ns * ** ** ** ** ** **
Class* R.Orient 8 * ** ** ns ns ns ns ns ns ns
Class*H.Type 8 ns ns ns ns ns ns ns ns ns ns
H.Type*N.Type 4 ns ns ns ns ns ns ns ns ns ns
H.Type*R.Orient 4 ** ** ** ** * * * ns * *
N.Type* R.Orient 4 ** ** ns ns ns ns ns ns ns ns
Brittany
Class 5 ns ns ns ns ns ns ns ns ns ns
H.Type 2 ns ns ns ns  ns ns ns ns ns ns
N.Type 2 ** ** ** ** ** ** ** ** ** **
R.Orient. 2 ** ** ** ** ** ** ** ** ** **
Class*N.Type 10 ** ** ** ** ** ** ** ** ** **
Class* R.Orient 10 ns ns ns ns ns ns ns ns ns ns
Class*H.Type 10 ns ns ns ns ns ns ns ns ns ns
H.Type*N.Type 4 ns ns ns ns ns ns ns ns ns ns
H.Type*R.Orient 4 ns ns ns ns ns ns ns ns ns ns
N.Type* R.Orient 4 ns ns ns ns ns ns ns ns ns ns
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Figure 4: Relative number NrΘ(S,b) of each type of element (hedgerows, roads and channels) in
increasing neighborhoods (20 to 500 m) of hedgerow segments for two typical windows (D_5_6 from
low Durance valley and B_9_2 from Brittany). NrΘ(S,b) is given for the two relative orientations
(parallel and perpendicular) and in neighborhoods of either all hedgerow segments (left column), only
HNS (center column) or only HWE (right column) hedgerow segments.
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Figure 5: Standardized NrΘ(S,b) of each type of elements (top: roads, middle: hedgerows, channels:
bottom) in increasing neighborhoods of hedgerow segments in each landscape (left: Brittany, right:
Durance). : HNS hedgerows, : HWE hedgerows. : neighbor with parallel relative
orientation, and absence of dot: neighbor with perpendicular relative orientation. 
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Synthesis considering all windows
The same general pattern exemplified by windows D5_6 and B9_2 was found when all
windows were considered together: hedgerow segments and their neighbors were strongly
associated up to a distance of approximately 150 m, except for hedgerow segments parallel to
HWE hedgerows in the Durance valley, which showed a more regular pattern (Figure 5).
In both landscapes, the relative number of neighbors of a given hedgerow segment within
each distance depended both on the type of neighbor and on its orientation relative to this
hedgerow (significant neighbor type x relative orientation in Table 2). The effect of the
neighbor type in Brittany resulted from the weak association of hedgerows and channels (e.g.,
average over hedgerows of the relative number of channels: 2.92 at 20 m), whereas the
association between hedgerows and either other hedgerows or roads was stronger (on average,
6.03 and 3.19, respectively, Figure 5). In the low Durance valley, this significant interaction
resulted from a lower association of hedgerows among themselves than with channels and
roads (on average, 4.77, 6.01 and 6.36, respectively, at 20 m). The effect of the relative
orientation of the neighbor was particularly clear in Brittany, where the relative number of
parallel neighbors was higher than that of perpendicular neighbors for any type of neighbor
(Figure 5). In the Durance valley, the “relative orientation” effect was significant as an
interaction term with both the hedgerow type and the neighbor type, as detailed below. A
major difference between the two landscapes was indeed that hedgerow type (i.e., orientation
W/E or N/S, which corresponded to windbreaks or non-windbreaks, respectively, in Durance)
was significant both as a main effect and in interaction in the Durance valley but not in
Brittany (Table 2). In the Durance valley, the neighbors that showed the strongest short-
distance association and their relative orientation depended on the hedgerow type. HNS
hedgerows paralleled roads or channels at a short distance and also had perpendicular
hedgerows in their vicinity. In contrast, HWE roads had an intermediate level of short-
distance association with perpendicular roads and hedgerows and exhibited a regular
distribution with respect to parallel hedgerows. This effect of the hedgerow group disappeared
at a distance of approximately 100 m. Such a pattern was not observed in Brittany.
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Figure 6: Standardized NrΘ(S,b) of neighboring road and hedgerow elements for two neighborhood
sizes (20 m and 100 m distance). The results are presented for all hedgerow segments of the Brittany
landscape (top) and either HWE (middle) or HNS (bottom) hedgerow segments of the low Durance
valley landscape. Grey lines correspond to trends of change for neighbors with parallel relative
orientation and black lines for neighbors with perpendicular relative orientation. Each line corresponds
to one class with its corresponding number noted on the left.
21
Da Silva, Le Ber, Lavigne      Structure analysis of hedgerows
Furthermore, the above results included a certain degree of heterogeneity within landscapes
(Figure 6). The effect of the neighbor type, in particular, depended on the window class (class
x neighbor type interaction). In Brittany, for example, hedgerows were very strongly
associated with other hedgerow segments but less so with roads at a short distance in certain
classes (e.g., in classes 2, 4 and 6 for parallel neighbors) but not in others.
In the low Durance valley landscape, short-distance associations were, furthermore, very
strong, with perpendicular but not parallel neighbors in certain classes (e.g., classes 3 and 4
for HNS hedgerows), whereas there was no effect of relative orientation of neighbors in the
other classes (Figure 6), resulting in a significant Class*R.Orientation interaction at short
distance (until approximately 80 m, Table 2). Classes 3 and 4, which had strongly different
association levels depending on the relative orientation of neighbors, comprised the smallest
number of hedgerows and roads (Table 1).
5. Discussion
In the present study, we characterized the spatial association among hedgerows and between
hedgerows and two other linear landscape elements, roads and channels. We showed that
hedgerows were generally associated at a short distance with other elements, with a distance
effect on hedgerows generally limited to 100-150 m. We examined the role of hedgerow
orientation, separating HWE and HNS hedgerows, and proved that these two types of
hedgerows had different association patterns in the low Durance Valley but not in Brittany.
We lastly found that within-landscape heterogeneity, based on the number of roads and
hedgerows, was again related to different association patterns in the low Durance Valley but,
apparently, not in Brittany.
The methodology that we used is related to proximity analyses, which are frequently used in
landscape ecology to assess the influence of nearby landscape features on the abundance of
species in focal patches. This choice was guided both by the type of data that were available
and by the questions that we asked. First, our work was based on data that were directly
digitized in a GIS. Thus, our approach is clearly distinguished from the majority of existing
work dealing with the extraction of networks (hedgerows, roads or channels) from aerial or
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satellite photographs (Stoica, 2001; Monestiez et al., 2005; Lacoste et al., 2005; Vannier,
2010). Second, as we were interested in the spatial organization of hedgerows, we
characterized hedgerows by their length and local orientation rather than by other
characteristics that are sometimes considered in ecological studies, such as their species
richness, width or height (Landis, 2000). For this purpose, we split hedgerows into linear
segments and restricted our analysis to the lengths and orientations of these segments. Our
data set thus consisted of a set of disconnected linear segments. Consequently, our approach
also differs from those based on network analyses. These approaches have primarily been
developed for aspatial networks, such as trophic networks (Kay et al., 1989; Fath et al., 2007)
in ecology. The more specific analysis of spatial networks, furthermore, does not allow the
incorporation of the relative orientation of network segments but only includes the global
network orientation (Monestiez et al., 2005; Bailly et al., 2006). We lastly did not use methods
based on distances among segment centroids or among ensembles (Cressie, 1993; Lantuéjoul,
2002; Gaetan & Guyon, 2008) because we were interested in characterizing the proximity
from the point of view of an element (e.g., organism, pesticide particle) that would move from
one segment to the other or be physically blocked by the short distance between segments.
For this reason, we needed to consider a pseudo-distance.
Transforming our data to segments caused a multiplication of the number of hedgerow, road
and channel elements relative to the number of the original polylines. For hedgerows, the
multiplication factor was rather small in the Durance landscape (approximately 1) but larger
(approximately 2) in Brittany. This difference can be explained by the intrinsic characteristics
of hedgerows in the two regions (long and straight planted windbreak hedgerows in Durance
vs. more spontaneous and diverse hedgerows in Brittany) but also by the data production
mode (manual digitization of aerial photographs for the Durance landscape vs. field
monitoring of administrative maps for the Brittany landscape). The number of roads and
channels increased from fourfold to 28-fold as a result of the segment transformation, with
channels in Brittany having the highest value. Because these last-named data were provided
by the same producer (IGN, France) for the two landscapes, the differences can only be
explained by the characteristics of the roads and channels themselves: straight roads and long
irrigation channels in the Durance valley vs. numerous twisting roads and ditches in Brittany.
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These differences may result from different types of relief: the Durance valley is very flat, as
it is part of the Rhône River delta, whereas the Brittany region of interest is relatively
undulating.
This multiplier effect increased certain values more in one landscape than in the other, e.g.,
the number of road segments in the direct neighborhood of a chosen hedgerow may have been
artificially increased in Brittany compared with the Durance valley. However, we were not
assessing the number of elements but, rather, the over/under-representation of different
neighbor types in the vicinity of hedgerows. For this reason, we computed the relative
numbers of neighbors to minimize this artifact: the number of segments (of roads, channels or
hedgerows) in a neighborhood was related to the density of the same segment types in the
current target area. This approach allowed the analysis of the composition of hedgerow
neighborhoods within a window with regard, e.g., to the relative orientation of neighbors.
Differences between the two landscapes and a certain degree of within-landscape
heterogeneity could then be highlighted.
Our aim was also to check distances over which associations between elements could be
observed. For this purpose, the neighbor numbers were computed within an increasing buffer
surrounding the target hedgerow, resulting in averaging effects, with large neighborhoods
including both near and far neighbors. Most likely, this method overestimates distances at
which elements are associated. Another solution could have been to compute neighbor
numbers in successive rings, as proposed in some proximity analyses (e.g., Carriere et al.,
2012). However, this approach would have been both impractical (because the presence of a
segment within a ring could not have been determined simply from the smallest distance
between segments) and not consistent with our assumption that the influence of a segment
propagates gradually to its neighbors.
The method used in this study served to unravel the characteristics of hedgerow structures in
the two regions. It effectively detected the generally short distance of association between
hedgerows and other elements. This distance of effect on hedgerows was generally limited to
100-150 m in both landscapes but generally decreased in the first few meters, indicating that
hedgerows were generally grown next to other landscape elements. The principal exception
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was the regular pattern of hedgerows in the Durance valley. This pattern is apparent in the
landscape and can be explained by the overall similar areas (0.85 ha on average, Ricci et al.,
2009) and shapes of orchards that lay between windbreak hedgerows.
Hedgerows with different orientations had different relationships to other linear elements in
the Durance valley but not in Brittany. This result is consistent with the windbreak role of
HWE hedgerows in the Durance valley. HWE hedgerows are planted between or even within
orchards to prevent wind damage to the fruit. For this reason, a regular and dense distribution
of HWE hedgerows is targeted by the fruit growers to avoid areas with high winds. In
contrast, hedgerows are primarily spontaneous or grown as fences and for wood production in
Brittany, and the function of hedgerows does not relate to their orientation (Liagre, 2006).
We also investigated within-landscape heterogeneity. The window classification was efficient
for separating areas with various densities, as it was computed according to the number of
elements in the windows. Furthermore, it was able to distinguish windows with respect to
hedgerow orientation and neighbor types. The reason for this outcome is that in Durance, low-
density areas (classes 3, 4 in the southwestern part of the landscape) are cropping zones, with
few windbreak HWE hedgerows but, rather, roadside HNS hedgerows. In contrast, high-
density areas are orchard areas with numerous windbreak hedgerows. In Brittany, low-density
areas (classes 3, 4 and 5, the northern part of the landscape) correspond to consolidated lands,
whereas high-density areas are dense “bocage” zones.
6. Conclusions
Using proximity analyses, we assessed whether and under what circumstances the spatial
distribution of hedgerows was impacted by the position of perennial linear landscape elements
and the scale of the effects of these elements for two contrasting agricultural landscapes. We
proposed, therefore, to compute a neighborhood index at different distances and showed that
it was effective in revealing structures at various scales according to the types of elements
involved. The observed associations between element types suggest that experimental studies
of the role of hedgerows in ecological processes should also recognize the effects of short-
distance neighbors of hedgerows, such as roads or channels, to avoid confounding effects. 
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In terms of our modeling aim, the dependence assumption between hedgerows and perennial
lines (roads, channels) was confirmed. Furthermore, we showed that the distance over which
this dependence occurred was limited to 100-150 m, suggesting that the modeling should be
performed at this scale. Lastly, by examining the role of hedgerow direction, separating HWE
and HNS hedgerows, we also proved that modeling these two types of hedgerows separately
was pertinent in the low Durance Valley but apparently not in Brittany. 
According to these results, we propose to model and simulate hedgerows based on
neighboring perennial lines (roads and channels) and other hedgerows using fiber processes
(Stoyan et al., 1987) up to a specified distance. Simulating hedgerows is useful for studying
the sensitivity of ecological models to landscape characteristics, an approach similar to that
used for gene flow models (Le Ber et al., 2009). This approach is also useful for optimizing
the location of hedgerows to address ecological quality and landscape character (Groot et al.,
2010) or for risk reduction, as discussed by Meyer et al. (2012). In terms of this last-named
approach, which is based on a simple grid of segments, we could define more realistic
structures of hedgerows based on perennial lines in the targeted landscapes.
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